
This journal is © the Owner Societies 2023 Phys. Chem. Chem. Phys., 2023, 25, 20871–20879 |  20871

Cite this: Phys. Chem. Chem. Phys.,

2023, 25, 20871

Ab initio simulations of ultrashort laser pulse
interaction with Cl–Si(100): implications for
atomic layer etching

Peizhi Wang a and Fengzhou Fang *ab

Due to the remarkable resistance of SiCl against photo-induced desorption, achieving atomic layer

etching (ALE) of Cl–Si(100) through a laser-based method has remained a formidable challenge. In this

study, we investigate the interaction between ultrashort laser pulses and the Cl–Si(100) surface via ab

initio simulations that combine real-time time-dependent density functional theory and molecular

dynamics. Our results demonstrate the direct desorption of the stubborn SiCl layer through the

application of appropriate femtosecond laser pulses. Notably, the desorption process is enhanced by

pulses with higher laser intensity, shorter wavelength, and longer pulse duration. There is a threshold

intensity beyond which the SiCl can be directly desorbed under laser pulses with a wavelength of

488 nm and a pulse duration of 40 �h eV�1 (26.3 fs). Analysis of electron localization function reveals a

critical bond breaking length of 2.98 Å between Si–Si, connecting SiCl to the bulk material. The time

evolution of bond lengths and forces reveals that the desorption of SiCl is primarily driven by repulsive

forces generated within the Si–Si bond. Furthermore, electron density difference analysis and Keldysh

factor calculations indicate that these repulsive forces arise from multiphoton ionization. This study pro-

vides crucial atomic-level insights into the interaction of ultrashort laser pulses with Cl–Si(100), thereby

propelling the advancement of laser-induced atomic layer etching techniques.

I. Introduction

The production of chips using 3 nm process technology with
Gate-All-Around (GAA) transistor architecture has recently
begun.1 As the feature size continues to scale down, the high-
volume manufacturing of next-generation nanoelectronics is
moving towards the era of atomic and close-to-atomic scale in
which every atom of functional structures on devices becomes
critical.2–6 To enable structure fabrication towards atomic and
close-to-atomic scale manufacturing (ACSM), various techni-
ques are being explored, and atomic layer etching (ALE) is
considered as one of the promising ones, as it allows for the
theoretical removal of a single atomic layer within a single
processing cycle.7–13

Among current ALE approaches, laser-induced ALE offers a
more efficient removing process (compared to thermal ALE)
and provides enhanced control over reactions (compared to
plasma ALE). In the early 1990s, investigation was conducted

on the chemical interaction of Cl-containing gases with Si
surfaces under laser pulses, and the etching rate could be
reduced to nearly monoatomic layer per pulse as reported in
the ref. 14. Subsequently, laser-induced ALE of GaAs was
studied, employing Cl2 gas for surface modification.15,16 Nota-
bly, studies17,18 revealed the existence of a laser fluence thresh-
old that distinguishes between atomic layer removal and
ablation. Beyond this threshold, the process transitions into
ablation rather than precise atomic layer removal. Despite the
initial progress, the laser-induced ALE approach remained
relatively undeveloped until 2018 when it found successful
application in layer thinning of layered materials like MoS2

and MoTe2 due to their weak interlayer interaction (van der
Waals forces).19–21 However, the application of laser-induced
ALE remains a challenge when it comes to bulk materials such
as silicon (Si), which has tightly bound covalent bonds. In ALE
of Si, chlorine (Cl) is typically used to weaken the Si–Si bonds
prior to subsequent removal, forming SiCl as the primary
product during modification on surfaces.7 Unfortunately, the
SiCl layer on Cl–Si(100) is stable against conventional laser
irradiation,22,23 making it difficult to desorb directly without
damaging bulk atoms. To address this challenge, the use of
ultrashort laser pulses was24–27 demonstrated to effectively
remove the SiCl layer through electronic excitation. Despite
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these advancements, the laser-induced ALE approach is still in
the development stage, and the fundamental mechanism of
interaction between ultrashort laser and Cl–Si (100) is yet to be
fully understood.

In the present work, we investigate the ultrashort laser pulse
interaction with Cl–Si(100) by ab initio simulations combining
real-time time-dependent density functional theory (rt-TDDFT)
and molecular dynamics (MD). The simulation method has
been successfully utilized in exploring the atomic-level mechan-
isms involved in processes such as molecular dissociation,28,29

field evaporation,26,30 and adsorbates desorption31,32 induced
by ultrashort laser pulses. By varying laser parameters such as
laser intensity, wavelength, and pulse duration, we system-
atically analyze the desorption dynamics of SiCl from Cl–
Si(100). The underlying mechanisms are elucidated through
analysis of the evolution of bond length and force, electron
density difference, and ionization regimes, with the goal of
advancing the development of laser-induced ALE.

II. Laser-induced ALE and
computational methods

Fig. 1(a) illustrates the schematic of the laser-induced ALE
approach. Initially, the top atomic layer of Si is modified by
Cl atoms to form a modified layer, where the primary product is
SiCl, similar to conventional plasma or thermal ALE approaches.
During modification, the reaction is self-limiting since the
formed SiCl layer blocks further reaction once all surface Si
atoms are terminated by Cl. Next, a pulsed laser is introduced to
directly remove the modified layer through the laser-induced
desorption of SiCl. Repeating this cycle allows for layer-by-layer
removal of Si for direct writing of structures. Fig. 1(b) displays
the atomic force microscopy (AFM) images of Si surfaces that
underwent one and three cycles of pulsed laser-induced ALE,
respectively. These experiments achieved a consistent etching
depth of B0.85 nm per cycle, indicating the significant potential
of laser-induced ALE approach for precise material removal.

Femtosecond laser (fs-laser) generates much shorter pulses
than nanosecond and picosecond lasers and thus enables a more
precise and controllable material processing. Herein, the ab initio
dynamics of interaction between fs-laser and Cl–Si(100) are pre-
sented by combining rt-TDDFT and MD within Ehrenfest
dynamics. Time-dependent Kohn–Sham equations33,34 are used
to calculate the electronic structure of this system,

i
@

@t
ci r; tð Þ ¼

�r
2

2
þ Vext r; tð Þ þ VH r; tð Þ þ VXC r; tð Þ þ Vlaser r; tð Þ

� �
ci r; tð Þ

(1)

n r; tð Þ ¼
X
i

ci r; tð Þj j2 (2)

where ci is the occupied time-dependent Kohn–Sham orbital, r is
the position of electrons, n is electron density, Vext is ionic core
potential, VH is Hartree potential, VXC is exchange–correlation
potential, Vlaser is external potential of the applied fs-laser,
Vlaser(r,t) = eElaser�r, Elaser is the electric field of the laser,
Elaser(t) = E0 sin(ot) fenv(t)k̂, E0 is laser field magnitude, k̂ and o
are polarization direction and frequency of laser, respectively, fenv

is the envelope function.
The ion dynamics are computed by classic MD simulations

within Ehrenfest dynamics where the kinetic energy contribu-
tions are separated, and the time-dependent ion motion equa-
tion becomes,31,35

Mi
d2Ri

dt2
¼

�rRi
ZiVlaser Ri; tð Þ þ

XNions

jai

ZiZj

Ri � Rj

�� ��þ
ð
Vext r;Rið Þn r; tð Þdr

" #

(3)

where Zi is the ion charge, Ri and Mi are the position and mass
of ion i, respectively.

Fig. 1 (a) Schematic of laser-induced ALE approach. The top atomic layer
of Si is first modified by Cl to form a modified SiCl layer, which is then
selectively removed under the irradiation of laser pulses, (b) AFM image of
Si topography after pulsed laser-induced ALE process, 1� and 3� repre-
sent one and three cycles of ALE, respectively, a consistent B0.85 nm
etching depth per cycle was achieved.25
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This paper utilizes the OCTOPUS 11.4 code36 for all ab initio
simulations, with electron–ion interaction described by pseu-
dopotentials proposed by Hartwigsen, Goedecker, and Hutter
with the local density approximation (LDA) functional.26,37

We tested three commonly used pseudopotentials in OCOTOPUS,
namely pseudodojo_pbe (Perdew–Burke–Ernzerhof (PBE)version of
the dojo pseudopotentials), pseudodojo dojo_lda (LDA version of
the dojo pseudopotentials), and hgh_lda (Hartwigsen-Goedecker-
Hutter LDA pseudopotentials), and found that they produce similar
bond-length evolution curves (see Fig. 9 in Appendix). This is
consistent with previous research indicating that LDA can describe
the electronic structure of Si reasonably well.38

The simulation box dimension used in this study are 20 �
20 � 20 Å3 and the mesh size is 0.2 Å (the convergency test
is shown in Fig. 10 in Appendix). The propagation time is
300 �h eV�1 (197.4 fs) and the step is 2 � 10-3 �h eV�1 (0.0013 fs),
where 1 �h eV�1 E 0.658 fs. The numerical calculation stability
with time is tested and shown in Fig. 11 in Appendix. The
influence of cluster size is investigated using two clusters of
chlorinated Si shown in Fig. 2. The time evolution of the Si1–Si2
bond within the two clusters are monitored (see Fig. 12 in
Appendix) and the smaller one is selected for subsequent
calculations to save computational costs. The Si atoms on the
topmost layer are terminated with Cl atom to form SiCl for
desorption. All dangling Si bonds present on the edge and
bottom sides of the cluster are passivated with H atoms to
eliminate the effects of dangling bonds that do not exist in the
actual system. Atoms – Si1, Si4, Cl1, and Cl4 – can move with
time propagation under laser pulses. The remaining atoms are
fixed to preserve the general geometric structure of the surface, as
well as to prevent drifting of the whole cluster under the applied
field during rt-TDDFT calculations.26,31,35 The polarization direc-
tion of the pulsed laser is along the z-axis. The calculated bond
lengths of Si–Cl and Si1–Si3 before laser irradiation are 2.088 and
2.356 Å, respectively, in agreement with previous literature
results.39,40

III. Results and discussion
A. Effect of laser intensity

The effects of various laser parameters (such as laser intensity,
wavelength, and pulse duration) on desorption is studied by
examining the electron–ion dynamics subjected to intensive fs-
laser pulses. Firstly, a sequence of simulations is conducted
with fs-laser pulses with a 488 nm wavelength (2.54 eV) and a

Gaussian envelope function, fenv(t) = exp(�(t � t0)2/(2t0
2)).

The peak position t0 and pulse width/duration t0 are set at
100 �h eV�1 (65.8 fs) and 40 �h eV�1 (26.3 fs), respectively. The
magnitude of laser field E0 changes from 2.3 V Å�1 to 2.8 V Å�1 with
an interval of 0.1 V Å�1, resulting in corresponding laser intensity I
ranging from 7.02� 1013 W cm�2 to 1.04� 1014 W cm�2, as shown
in Table 1. According to the extinction coefficient,41 the penetration
depth of 488 nm light into silicon is calculated to be 0.485 mm.

Fig. 3 presents the final snapshots of the Cl–Si(100) system
at t = 300 �h eV�1 (197.4 fs) under fs-laser pulses with various
E0 or I. The upper three panels depict the snapshots with the
magnitude E0 of 2.8, 2.7, and 2.6 V Å�1, respectively, while
the lower three panels correspond to E0 being 2.5, 2.4, and
2.3 V Å�1, respectively. It is observed that the SiCl molecule
remains stable against laser irradiation when E0 is below
2.5 V Å�1 (or the intensity I below 8.29 � 1013 W cm�2).
However, when E0 exceeds 2.6 V Å�1, the Cl–Si(100) system
becomes unstable, leading to the breaking of the Si1–Si2 and
Si1–Si3 bonds between SiCl and bulk Si, and the subsequent
direct desorption of SiCl. These findings suggest that fs-laser
pulses with a suitable intensity can remove the SiCl layer on Si
directly, making them suitable for ALE of Si for direct writing of
atomically precise structures. Furthermore, the results indicate that
the Si–Cl bond exhibits higher resistance to laser irradiation than
the Si–Si bond, implying that the SiCl may be desorbed from the
surface while preserving the integrity of the Si–Cl bonds. These
observations are consistent with the experimental outcomes from
pulsed laser irradiation of chlorinated Si substrates.24

The bonding energy between Si–Cl was calculated to be
4.46 eV, while the average bonding energy between chlorinated
Si and bulk Si is 1.96 eV. This explains why the Si–Cl bond are
more stable than the Si–Si bond from a ground state perspec-
tive. Besides, Fig. 3 shows that the degree of bond dissociation
is slightly more severe for the Si1–Si2 bond compared to the
Si1–Si3 bond. This difference is due to the boundary (or
environmental) conditions. The right side of the Si3 (or the
right side of the Si1Cl1 molecule) is a free space boundary (with
no atoms appearing), while the left side is occupied by the
cluster. Thus, the Si1Cl1 molecule is easier to move towards the
free right side, leading to a slightly more severe dissociation of
the Si1–Si2 bond.

Time evolution of the Si1–Si2 bond under laser pulses with
various magnitude E0 or intensity I is presented in Fig. 4. It
shows that the Si1–Si2 bond is highly sensitive to laser intensity
and that a higher magnitude of E0 leads to a faster bond
elongation and eventually dissociation. Specifically, when E0

is above 2.6 V Å�1, the value of bond length increases drama-
tically with time evolution, indicating that the Si1–Si2 bond is
broken at this time. When E0 is lower than 2.5 V Å�1, the bond

Fig. 2 Cluster models for calculation: (a) Si25Cl4H28, (b) Si35Cl6H36. Yel-
low, white, and blue atoms refer to silicon, hydrogen and chlorine,
respectively.

Table 1 Magnitude of laser field E0, the corresponding intensity I, and
fluence F

Magnitude E0 (V Å�1) 2.8 2.7 2.6 2.5 2.4 2.3
Intensity I (1013 W cm�2) 10.4 9.67 8.97 8.29 7.64 7.02
Fluence F (J cm�2) 2.43 2.26 2.09 1.93 1.78 1.64
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length increases gradually and smoothly with time evolution,
indicating that the Si1–Si2 bond would continue to exist, as shown
in Fig. 4(b). With time extending to 500 �h eV�1 (329 fs), the Si1–Si2
bond starts to retract after its initial lengthening, vibrating around
its equilibrium position rather than dissociating directly if E0 is not
sufficiently large. The threshold magnitude E0 = 2.6 V Å�1 corre-
sponds to the fluence of 2.09 J cm�2, which is approximately an
order of magnitude higher than the experimental threshold shown
in Fig. 1(b). The high difference could be attributed two reasons.42–44

One is that the small size of the cluster used in calculations has a
more discrete nature of electronic levels than the bulk used in
experiments. The second reason is that the bond dissociation
probability in calculations is always 1 at the threshold fluence, while
in experiments the dissociation follows a probability distribution.

Additionally, Fig. 4(b) suggests that the propagation time of
300 �h eV�1 (197.4 fs) is sufficient to simulate the bond breakage
of Si1–Si2. It is worth noting that the bond length exhibits

negligible change during the first 120 �h eV�1 (79.0 fs) and then
begins to increase sharply at t = 120–150 �h eV�1 (79.0–98.7 fs).
The reason for this behavior is the loss of electrons within Si1–
Si2 bond under laser pulses, which will be discussed in more
detail in the following mechanism analysis section.

The electron localization function (ELF) of the Cl–Si(100)
system is present in Fig. 5 for further analysis of the bonding
nature between SiCl and bulk. ELF (fELF) is defined as a positive
quantity that varies between 0 and 1 and can be evaluated using
eqn (4)–(6).45 High ELF values indicate that electrons are highly
localized within that region and vice versa.46 For a clearer
visualization, the 2D cross-section consisting of the Si1–Si2
and Si1–Si3 bonds (i.e., the red plane in Fig. 2) is used to display
the ELF results.

fELF r; tð Þ ¼ 1

1þ ½Ds r; tð Þ=D0
s r; tð Þ�2 (4)

Fig. 3 Snapshots of the Cl–Si(100) system at t = 300 �h eV�1 (197.4 fs) under fs-laser pulses with the magnitude E0 of (a) 2.8 V Å�1, (b) 2.7 V Å�1,
(c) 2.6 V Å�1, (d) 2.5 V Å�1, (e) 2.4 V Å�1, and (f) 2.3 V Å�1. The corresponding intensities are shown in Table 1.

Fig. 4 Time evolution of the Si1–Si2 bond under fs-laser pulses with the propagation time of (a) 300 �h eV�1 (197.4 fs) and (b) up to 500 �h eV�1 (329 fs).
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Ds r; tð Þ ¼
X
i

rcis r; tð Þj j2 � 1

4

½rns r; tð Þ�2
ns r; tð Þ �

j2s r; tð Þ
ns r; tð Þ (5)

D0
s r; tð Þ ¼ 3

5
6p2
� �2=3

n5=3s r; tð Þ (6)

where s represents the spin, ns is the spin density, and js is the
absolute value of current density.

As shown in Fig. 5(a), when E0 is lower than 2.5 V Å�1,
electrons within the Si1–Si2 bond are highly located, indicating
that the Si1–Si2 bond remains in its covalent state, which is
consistent with the aforementioned results. However, when E0

is above 2.6 V Å�1, the localization of electrons within the Si1–
Si2 bond decreases significantly and even disappears, indicat-
ing bond breakage. Fig. 5(b) shows the time evolution of ELF
under laser pulses with E0 = 2.6 V Å�1. It can be observed that
localized electrons within the Si1–Si2 bond turn to disappear at
t = 240 �h eV�1 (157.9 fs), which corresponds to a bond length of
2.98 Å. This critical bond length is therefore considered to be
the threshold for bond breakage.

B. Effect of wavelength and pulse duration

The effect of laser wavelength on desorption dynamics of SiCl is
explored by a series of simulations using fs-laser pulses with
the wavelength changing from 400 nm to 800 nm with an
interval of 100 nm. The applied pulses have the same intensity
of 8.97 W cm�2 (or E0 = 2.6 V Å�1) and pulse width of 40 �h eV�1

(26.3 fs). As shown in Fig. 6(a), the degree of bond breakage
increases with decreasing wavelength, consistent with the
simulation findings on hydrogen atom desorption from Si
surfaces.31 This observation can be easily explained by consid-
ering that a shorter wavelength corresponds to a higher energy
level for a photon. For wavelengths longer than 500 nm, the
Si1–Si2 bond remains stable against laser irradiation. However,
as the wavelength decreases below 500 nm, the Si1–Si2 bond
becomes increasingly unstable and eventually breaks, leading
to the SiCl desorption.

The pulse duration/width can also affect the direct fs-laser-
induced ALE processes. To examine this effect, we conduct
simulations using laser pulses with widths of 20 �h eV�1 (13.2 fs),
30 �h eV�1 (19.7 fs), and 40 �h eV�1 (26.3 fs), respectively, while
keeping the peak position t0 at 100 �h eV�1 (65.8 fs). These pulses

Fig. 5 (a) ELF of the Cl–Si(100) system at t = 300 �h eV�1 (329 fs) under laser pulses with E0 changing from 2.8 V Å�1 to 2.3 V Å�1, (b) time evolution of ELF under
laser pulses with E0 = 2.6 V Å�1. The 2D cross-section plane is formed by the bond lines Si1–Si2 and Si1–Si3, which is marked as the red plane in Fig. 2.
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have identical intensity and wavelength. As expected, the
desorption of SiCl becomes increasingly favorable with longer
pulse durations. At a shorter pulse duration (20 �h eV�1 or 13.2 fs),
the energy adsorbed is not sufficient to break the Si1-Si2 bond,
resulting in a final bond length of only 2.58 Å at t = 300 �h eV�1

(197.4 fs), which is below the critical value of 2.98 Å.

C. Underlying mechanism

To elucidate the underlying mechanism of fs-laser-induced
ALE, the time evolution of the z-axis force exerted on the Si
atom of the SiCl molecule is calculated using eqn (3) and
depicted in Fig. 7. The motivation behind analyzing this force
is primarily driven by our focus on studying the evolution of
bond length in the Si–Si bond between the chlorinated Si atom
and bulk Si. It shows that, regardless of laser intensity, wave-
length, and pulse duration, the force oscillates rapidly during
the first 100–120 �h eV�1 (79.0–98.7 fs) along with the rapid

oscillating fs-laser field. After that, the repulsive forces between
SiCl and the bulk increase significantly and maintain positive
values, depending on the applied laser parameters. High inten-
sities, short wavelengths, and long pulse durations lead to large
repulsive forces. Specifically, forces under the fs-laser pulses
with a 400 nm wavelength can reach up to 4.24 eV Å�1, leading
to the desorption of SiCl. These high repulsive forces start from
t = 120–150 �h eV�1 (79.0–98.7 fs), coinciding with the time when
the bond length starts to increase sharply in Fig. 4 and 6. This
further confirms the conclusion that repulsive forces under
laser irradiation lead to the desorption of SiCl. As time con-
tinues to propagate, the value of repulsive forces gradually
decreases because the Coulomb force between the corresponding
atoms decreases with SiCl moving away from the surface.

To figure out the origin of these repulsive forces, we analyze
the electron density difference of the Cl–Si(100) system between
t = 0 and 140 �h eV�1 (92.1 fs), as shown in Fig. 8. The density

Fig. 7 Time evolution of the z-axis force acting on SiCl under fs-laser pulses with different (a) intensities, (b) wavelengths, and (c) pulse durations,
300 �h eV�1 E 197.4 fs.

Fig. 6 Time evolution of the Si1–Si2 bond under fs-laser pulses with different (a) wavelengths and (b) pulse durations, 300 �h eV�1 E 197.4 fs.
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difference is calculated as Dn(r,t) = n(r,t) � n(r,t0), where n(r,t) is the
electron density at time t. The reason for selecting t = 140 �h eV�1

(92.1 fs) is that it falls within the starting period of t = 120–
150 �h eV�1 (79.0–98.7 fs), the bond length does not increase
significantly and the structural change of the simulated system
can be neglected. At high intensities, E0 = 2.8 V Å�1 and 2.6 V Å�1,
the Si1-Si2 bond loses electrons due to laser-induced ionization,
whereas at low intensities, E0 = 2.4 V Å�1, the electron loss within
these bonds is not noticeable. The observed electron loss explains
the generation of these repulsive forces. The forces between atoms
come from three components: the external potential-induced
force, ion–ion interaction, and ion–electron interaction, as
described in eqn (3). The loss of electrons affects the ion–electron
interaction, i.e., the third term on the right-hand side of eqn (3),
which reduces the attraction of electrons on SiCl and, therefore,
leads to the repulsive forces between SiCl and bulk. It is worth
noting that electron accumulation was observed near the Si atoms
as depicted by the blue color in the bottom panels of Fig. 8.
However, the impact of the accumulated electrons on the
strengthening of the Si–Si bond is less significant compared to
the bond weakening impact caused by electron loss within the Si–
Si bond. This is attributed to the fact that the accumulated
electrons have a reduced ability to attract the Si atom on the
opposite side of the Si–Si bond. Consequently, the electron loss
within the Si–Si bond dominates the bond-breaking process.

The ionization mechanism subjected to these intensive fs-laser
pulses is further investigated by calculating the Keldysh factor g:47

g = oa(2meIp)1/2/(eE0), where oa is the laser angular frequency, me

and e are the mass and charge of an electron, respectively, Ip is the
ionization energy, E0 is the magnitude of laser field. g 4 1
indicates that the multiphoton ionization dominates the ioniza-
tion process, while go 1 corresponds to the tunneling ionization-
dominated process. The calculated g for the cases of E0 = 2.8 V Å�1

and 2.6 V Å�1 are 5.89 and 4.36, respectively. Additionally, the
ionization energy was determined by analyzing the Coulomb
energy evolution under laser irradiation.28 The calculated values
for the ionization energy were calculated to be 2.79 Ha and
4.36 Ha, corresponding to the cases where E0 is 2.8 V Å�1 and

2.6 V Å�1, respectively. The obtained Keldysh factors are much
larger than 1, indicating that multiphoton ionization dominates
the fs-laser-induced ALE processes. The electron loss due to
multiphoton ionization leads to repulsive forces between SiCl
and bulk, driving SiCl moving away from the surface and ulti-
mately completing the material removal in ALE of Si.

IV. Conclusions

Ab initio simulations combining rt-TDDFT and MD were performed
to investigate the interaction between ultrashort laser pulses and Cl–
Si(100) surfaces for advancing laser-induced ALE techniques. The
main findings of this study can be summarized as follows:

(1) Ab initio simulations demonstrated that the difficult-to-remove
SiCl layer can be directly desorbed by appropriately tuned ultrashort
laser pulses. The threshold intensity for SiCl desorption was calcu-
lated as 8.97 � 1013 W cm�2 (or E0 = 2.6 V Å�1) using laser pulses
with a wavelength of 488 nm and a pulse duration of 40 �h eV�1

(26.3 fs). Various laser parameters can affect the desorption process,
with larger intensities, shorter wavelengths, and longer pulse dura-
tions found to facilitate the SiCl desorption. Note that the calculated
threshold intensity is approximately an order of magnitude higher
than the experimental value due to the limitation of the applied rt-
TDDFT calculation method.

(2) The effect of laser pulses on bonding status was analyzed by
examining the time evolution of the Si1–Si2 bond between SiCl and
bulk, along with the electron localization function. The critical bond
length of Si1–Si2 for bond breaking was found to be 2.98 Å. Repulsive
forces generated within the Si1–Si2 bond are responsible for the
desorption of SiCl. Specifically, under laser pulses with a wavelength
of 400 nm, an intensity of 8.97� 1013 W cm�2, and a pulse duration
of 40 �h eV�1 (26.3 fs), the peak repulsive force value reached
4.24 eV Å�1, which results in the SiCl desorption from the surface.

(3) An analysis of electron density difference revealed that
the generation of these repulsive forces is related to the
electron loss within the Si1–Si2 bond under fs-laser pulses.
The Keldysh factors g, which provide a measure of the domi-
nant ionization mechanism, were calculated to be 5.89 and 4.36

Fig. 8 Electron density difference of the Cl–Si(100) system at t = 140 �h eV�1 (92.1 fs) subjected to fs-laser pulses with (a) E0 = 2.8 V Å�1, (b) E0 = 2.6 V Å�1,
and (c) E0 = 2.4 V Å�1. The upper three panels are the 3D graphics and the bottom panels correspond to the 2D cross-section graphics, where the red
region represents electron loss.
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for E0 = 2.8 V Å�1 and 2.6 V Å�1, respectively. These results
indicated that multiphoton ionization dominates the ioniza-
tion process during laser-induced ALE of Si.

This work provides a fundamental insight into the atomic-level
mechanism of laser-induced ALE process. These findings have the
potential to advance the development of ALE techniques for the
fabrication of atomically precise structures with high efficiency
and controllability, while avoiding damage to the material surface.
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